The causes of obstructive sleep apnea (OSA) are multifactorial. Neural injury affecting the upper airway muscles due to repetitive exposure to intermittent hypoxia and/or mechanical strain resulting from snoring and recurrent upper airway closure have been proposed to contribute to OSA disease progression. Multiple studies have demonstrated altered sensory and motor function in patients with OSA using a variety of neurophysiological and histological approaches. However, the extent to which the alterations contribute to impairments in upper airway muscle function, and thus OSA disease progression, remains uncertain. This brief review, primarily focused on data in humans, summarizes: (1) the evidence for upper airway sensorimotor injury in OSA and (2) current understanding of how these changes affect upper airway function and their potential to change OSA progression. Some unresolved questions including possible treatment targets are noted.
INTRODUCTION
In the upper airway there are changes in sensation, muscle properties, and neural drive in patients with obstructive sleep apnea (OSA). These changes are loosely termed airway remodeling and may adversely affect upper airway function during sleep. Changes in nerve and muscle properties may result from vibration through snoring, hypoxia, or both.
The extent to which snoring and hypoxia exacerbate the disease and lead to important damage is unresolved. In this review, some of the more convincing evidence for and against upper airway remodeling in which data have been acquired in both OSA patients and non-OSA controls is highlighted. We review the pathophysiological evidence under three separate headings: (1) anatomical remodeling of the upper airway muscles, (2) efferent changes, and (3) afferent changes (see Figure 1 ). This encompasses evidence from a variety of neurophysiological approaches including histological, electrophysiological, and physiological studies. The function of upper airway reflexes and tongue force/fatigue characteristics in OSA vs. non-OSA subjects is also briefly reviewed. Finally, we discuss how upper airway remodeling and neural injury might contribute to upper airway closure during sleep.
ANATOMICAL STRUCTURE OF UPPER AIRWAY MUSCLES
Several histological studies support the presence of upper airway remodeling in patients with OSA (Tables 1 and 2). Broadly, this includes changes in: muscle fiber type, direction of muscle fibers, and anatomical arrangement of nerve fiber terminals. Sixteen studies are summarized in Table 2 . Most of these studies did not rule out OSA in the healthy non-OSA/control groups (full polysomnography evaluations are reported in only four studies). Thus, the reported magnitude of these changes may be an underestimation. The upper airway muscles are composed of a variety of fast and slow muscle fiber types (Table 1) with conventional myosin heavy chain (MHC) isoforms and three primary MHC phenotypes and two subtypes (in order of prevalence for the adult genioglossus muscle in non-OSA subjects MHCIIA > MHCI-IIX > MHCI > MHCI-IIA > MHCIIX; Daugherty et al., 2012) . A limitation of biopsies is that they are obtained from a limited area and may not represent the characteristics of the whole muscle. Nonetheless, a number of studies have shown an increase in the percentage of Type IIA muscle fibers in the order of ∼15% in several upper airway muscles in OSA patients including the uvula, genioglossus, medium pharyngeal constrictor, and palatopharyngeus (see Table 1 ; Smirne et al., 1991; Ferini-Strambi et al., 1998; Carrera et al., 1999; Series et al., 2000; Lindman and Stal, 2002; c.f. Friberg et al., 1998a) . Type IIA muscle fibers are fast twitch fibers that can use both aerobic and anaerobic metabolism. While the cause for this increase in fiber type remains unknown, the change is likely to reflect training. Repetitive loading with regular nightly eccentric contractions (neural drive advancing the tongue anteriorly with negative airway pressure pulling the tongue posteriorly) combined with hypoxia may lead to fiber type alterations in the upper airway muscles indicative of an endurance trained muscle (Hildebrand et al., 1991; Pette and Staron, 2001 ). However, studies to definitively isolate the effects of training on upper airway muscle fiber type have not been done.
Anatomical changes consistent with upper airway muscle remodeling in OSA in adults include: increased prevalence of angulated muscle fibers, increased diameter of muscle fibers (Smirne et al., 1991; Ferini-Strambi et al., 1998; Series et al., 2000; Sauleda et al., 2003; Svanborg, 2005; De Vuono et al., 2007; Stål et al., 2009) , atrophied muscles fibers (Edstrom et al., 1992; Friberg et al., 1998a) , changes in capillary density and mitochondria content (Stål et al., 2009; Stål and Johansson, 2012) , fiber type grouping (Edstrom et al., 1992; Ferini-Strambi et al., 1998 ; see Table 2 ), and increased neural cell adhesion molecule (N-CAM) expression (Boyd et al., 2004) . However, one study found similarly widespread neurogenic changes in children both with and without www.frontiersin.org Series et al., 2000) , specialized MHC isoforms were calculated in some cases and are not displayed in the Table ( see Lindman and Stal, 2002) , and others reflect estimations based on available data.
OSA (De Vuono et al., 2007) . Thus, questions remain as to what degree of chronic partial denervation is "normal" for upper airway muscles.
Snoring is a key feature of OSA. The vibration induced by snoring and the mechanical strain caused by repetitive upper airway closure is associated with inflammatory changes to soft tissue structures of the upper airway (Berger et al., 2002; Boyd et al., 2004) . The local inflammation increases the thickness of the surrounding tissues and may narrow the upper airway to exacerbate obstructive apneas (Rubinstein, 1995; Sekosan et al., 1996; Berger et al., 2002) . Patients with severe snoring have soft palate swelling in the morning that recedes while awake (Sekosan et al., 1996) .
There is also increased fat in and around the muscles of the upper airway in patients with OSA (Horner et al., 1989; Stauffer et al., 1989; Schwartz et al., 1991; Zohar et al., 1998b; Berger Frontiers in Neurology | Sleep and Chronobiology 
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• ↑ Palatopharyngeus muscle Type I, ↑ Type IIA, and ↓ Type IIAB and IIB muscle fibers in OSA patients , 2002) . The importance of increased fat is highlighted by the observation that weight loss in obese OSA patients can eliminate airway obstruction. While infiltration of fat is not a result of neural changes, it will alter the dynamics of the upper airway. With increased intramuscular fat, contractile performance may change via altered loading of individual muscle fibers and altered "passive" properties (Busha et al., 2002) . Given that some of the tension developed in one part of the muscle can be transmitted via shear links to other parts of the muscle (Kjaer, 2004) , increased fat may alter the force distribution across muscle fibers in OSA patients. Nevertheless, maximal voluntary tongue protrusion force is the same, or increased in OSA patients (e.g., Mezzanotte et al., 1992; Mortimore et al., 2000; Eckert et al., 2011) .
EVIDENCE FOR UPPER AIRWAY EFFERENT CHANGES
In addition to changes in the soft tissues and muscle fibers, there are also electrophysiological changes in the muscles of patients with OSA (Table 3) . During wakefulness patients with OSA have higher levels of multiunit electromyographic activity (EMG) recorded in the upper airway muscles compared to healthy control subjects (Mezzanotte et al., 1992 (Mezzanotte et al., , 1996 Fogel et al., 2001 ; c.f. Series et al., 2009 ). The apparent increase in drive was ascribed to a neural compensation for a narrow upper airway. This concept became widely accepted. The neural compensation was thought to be analogous to that in diaphragm and other obligatory inspiratory muscles of patients with chronic obstructive pulmonary disease where more motor units are recruited and their average discharge frequencies are higher (De Troyer et al., 1997; Gorman et al., 2005) because of the increased resistive load. Recent studies indicate that motor unit discharge frequencies also increase with higher neural drive to the genioglossus (Bailey et al., 2007; Saboisky et al., 2010) . However, there is currently no strong evidence to support an overall increase in the discharge frequencies, or recruitment of additional motor units in the genioglossus in OSA during wakefulness (Saboisky et al., 2007 (Saboisky et al., , 2012 . During the pre-inspiratory phase of the respiratory cycle the overall excitability of the genioglossus motoneuron pool appears to be increased in OSA patients vs. controls. The timing of the initial activation of phasic inspiratory motor units is earlier (Saboisky et al., 2007) . Similarly, during late expiration, the conduction times of motor evoked potentials elicited via transcranial magnetic stimulation of the motor cortex are shorter in the genioglossus in OSA patients than in controls (Wang et al., 2010) . Thus, while there is currently no evidence for increased discharge frequencies or additional recruitment of motor units there are quantifiable changes in the timing of neural drive to genioglossus in OSA. Therefore, how do the new findings fit with these earlier studies? An alternative explanation is that the elevated EMG in the upper airway muscles in patients with OSA is secondary to neurogenic remodeling. This is characterized as chronic partial denervation of muscle fibers, with reinnervation of the orphaned muscle fibers by collateral sprouting of surviving motor axons (Boyd et al., 2004; Gonzalez-Forero et al., 2004) . The overall duration of motor unit potentials increase, often with increased amplitude (Bertorini et al., 1994; Preston and Shapiro, 2002) . Recent investigations www.frontiersin.org using single motor unit techniques have shown that the motor unit potentials of upper airway muscles in OSA patients are larger in area, longer in duration, and more complex (Svanborg, 2005; Saboisky et al., 2007 Saboisky et al., , 2012 ; see also Podnar and Dolenc Groselj, 2010) . These changes could contribute to the increased multiunit EMG in OSA. Thus, active remodeling may help to preserve the functional capacity of the muscles. However, the presence of denervation and subsequent axonal sprouting may lead to changes in fine motor control such as speech (Goldshtein et al., 2011 ). An additional potential problem with the initial reports of increased multiunit EMG in OSA (awake) is that values were normalized to the EMG produced during a maximal volitional task and may not be comparable between OSA patients and controls.
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EVIDENCE FOR UPPER AIRWAY AFFERENT CHANGES
If the anatomically deeper upper airway motor axons are affected by vibration, sensory afferents, closer to the airway surface, should also be impaired. However, the evidence supporting sensory nerve impairment in OSA is less convincing than that for motor nerves. If sensory nerves are affected, this may impair normal reflex mechanisms which contribute to upper airway function.
A variety of techniques have revealed potential sensory impairments in OSA. Two-point discrimination and detection of vibration, airflow, and temperature for the upper airway are all altered in OSA patients (see Table 4 ). The ability to detect and rate the size of inspiratory resistive loads to breathing in patients with OSA is impaired (McNicholas et al., 1984; Tun et al., 2000; c.f. Clerk et al., 1994) . However, cognitive processing is important for these measurements and they may be independently affected by sleepiness and prior respiratory loading. Airway edema is present in untreated OSA patients and may impair upper airway sensation. Thus, separating the relative contribution of airway edema and sleepiness and cognitive processing vs. sensory nerve injury is difficult. One strategy to overcome some of these confounders is to repeat measurements after an acute period of continuous positive airway pressure (CPAP) treatment. Here, edema and sleepiness are likely to resolve more rapidly than potential nerve injury changes. In support of a role of long-term sensory injury in OSA, one study revealed only partial resolution of oropharynx sensation with vibration detection and two-point discrimination after 4 months of CPAP therapy (Kimoff et al., 2001 ). However, in another study, impaired sensation to loaded breathing was corrected after 2 weeks of CPAP therapy (Tun et al., 2000) . In untreated OSA patients breathing responses to respiratory stimuli measured during wakefulness vary. Impaired respiratory load detection is associated with a reduction in the ventilatory response to hypercapnia (McNicholas et al., 1984) . Conversely, the ability to adjust breathing (e.g., respiratory timing and minute ventilation) in response to respiratory loading may be unaltered in OSA (Hlavac et al., 2007) .
Cortical evoked potentials can provide information about peripheral and central transmission as well as cortical processing of sensory information. Delays in the timing and/or reductions in amplitude of the early components of evoked potentials may reflect afferent impairment. The early parameters do not require a perceptual decision and are less affected by sleepiness. Measured during wakefulness, brainstem auditory evoked responses do not appear to be abnormal in OSA (e.g., Mosko et al., 1981; Karnaze et al., 1984) . Similarly, the latency and amplitude of the early N1 component of the cortical evoked response to auditory stimuli are not altered in OSA patients (Afifi et al., 2003; Vakulin et al., 2012) .
Of relevance to the upper airway, several studies have examined respiratory-related evoked potentials (RREPs) during wakefulness in OSA. Consistent with impaired sensory transmission to respiratory stimuli, two studies revealed a reduction in the amplitude but not the latency of the early RREP components to brief negative pressures during inspiration (Akay et al., 2003) and expiration (Grippo et al., 2011) . However, other studies have shown no difference in P1 amplitude or latency (reflecting the arrival of the sensory information to the cortex) of the RREP to inspiratory occlusions and negative pressures in OSA patients (Gora et al., 2002; Afifi et al., 2003; Donzel-Raynaud et al., 2009; Eckert et al., 2011) . During sleep, P1 does not appear to be different between OSA patients and controls (Gora et al., 2002; Afifi et al., 2003) . However, the amplitude of the latter N550 component (reflecting sensory processing) is reduced in the OSA patients (Gora et al., 2002; Afifi et al., 2003) .
While recordings of peripheral sensory and motor nerve potentials are affected by obesity, several findings consistent with sensory neuropathy have been observed in nerves innervating limb muscles and organs in patients with OSA (Mayer et al., 1999; Fanfulla et al., 2000; Lüdemann et al., 2001; Dziewas et al., 2007) . OSA patients show evidence of a mild axonal neuropathy in the sural, median, and ulnar nerves (Mayer et al., 1999; Dematteis et al., 2001; Lüdemann et al., 2001; Dziewas et al., 2007) . Two studies report slower sensory conduction and smaller amplitude responses (Mayer et al., 1999; Fanfulla et al., 2000) . In addition, it is notable that comparable changes have been observed for the compound muscle action potential in the median, sural, and ulnar nerves (Mayer et al., 1999; Lüdemann et al., 2001; Dziewas et al., 2007) . This finding occurs when controlling for the increased body mass index in OSA (Dziewas et al., 2007) . Thus, intermittent hypoxia may mediate systemic neural changes in OSA that are not isolated to the upper airway.
In summary, these findings reveal varying levels of sensory impairment to certain sensory stimuli in OSA. While the precise pathophysiological role of sensory impairment remains uncertain, sensory testing using calibrated airflow has been proposed as a screening test for OSA (Dematteis et al., 2005) . There may also be different populations of OSA patients; those with sensory impairments and those patients without (Nguyen et al., 2005) . Thus, while sensory impairments may play a key role to obstructions in some patients with OSA, neuromuscular, and anatomical influences may be more important in others.
FUNCTION UPPER AIRWAY REFLEXES
The integrity of the swallowing reflex is impaired in OSA patients and snorers compared to controls ( Table 5) . A greater bolus volume is required to elicit the swallowing reflex, swallowing onset latency is delayed, and bolus leakage throughout the pharynx occurs more frequently in OSA patients and snorers compared to controls (Zohar et al., 1998a; Teramoto et al., 1999; Jäghagen Frontiers in Neurology | Sleep and Chronobiology www.frontiersin.org Valbuza et al., 2011b) . Inhibition of inspiration associated with swallowing is also less pronounced in OSA (Teramoto et al., 1999) . While these changes would favor aspiration laryngeal penetration was uncommon. This indicates that alterations in swallowing are predominantly subclinical in OSA. CPAP may improve subclinical swallowing dysfunction in OSA (Okada et al., 2000) . Palatal reflexes to tactile stimuli such as the gag reflex are diminished, particularly in severe OSA (Valbuza et al., 2011a) . The extent to which these changes are caused by sensory impairments or efferent changes and whether or not they influence OSA severity remains unknown. Conversely, the upper airway negative pressure reflex, crucial for maintaining airway patency, does not appear to be impaired in OSA patients during wakefulness. Studies that were not optimally designed to measure reflex responses have shown reduced EMG activation in the palatal muscles (Mortimore and Douglas, 1997) , comparable genioglossus EMG activation to high levels of negative pressure (−20 cm H 2 O), and elevated genioglossus EMG activity to moderate suction pressures (−10 to −13 cm H 2 O; Berry et al., 2003) . However, a recent study using sensitive neurophysiological techniques found no differences in the timing or the amplitude of the genioglossus and tensor palatini negative pressure reflex during wakefulness between OSA patients and controls .
TONGUE PROTRUSION FORCE AND FATIGABILITY
Maximum voluntary force of the tongue protuders is comparable (Mezzanotte et al., 1992; Mortimore et al., 2000; Busha et al., 2002; Blumen et al., 2004) or increased (Shepherd et al., 2006; Eckert et al., 2011) in OSA patients. While the maximal force generating capacity in the tongue protuders does not appear to be impaired in OSA, whether or not they are more vulnerable to fatigue remains uncertain. Fatigability, quantified as time to task failure during sustained isometric tongue protrusion tasks at 30, 50, and 80% of maximum, were not different between OSA patients and controls (Mortimore et al., 2000; Blumen et al., 2004) . Conversely, time to task failure during an intermittent isometric tongue protrusion task (5 s on 5 s off at 70% maximal force) occurred approximately twice as quickly in OSA patients vs. controls . Similarly, recovery of maximal force capacity following submaximal isometric tongue protrusion tasks was prolonged in OSA patients (Blumen et al., 2004) . How various voluntary tongue protrusion measures during wakefulness relate to upper airway patency during sleep and OSA severity remains unclear. In an earlier study, maximal tongue protrusion force positively correlated with OSA severity, albeit it only weakly (r 2 = 0.04), whereas fatigability to a submaximal isometric sustained task did not (Mortimore et al., 2000) . In a subsequent study, there was no correlation between maximal tongue protrusion force and OSA severity (Shepherd et al., 2006) .
SUMMARY AND POTENTIAL ROLE OF NEURAL INJURY IN OSA
Remodeling of the upper airway muscles occurs in OSA. The most commonly reported finding is an increase in the proportion of Type IIA muscle fibers, a change which is consistent with muscle training. Changes in multiunit EMG are difficult to interpret. Recent single motor unit studies reveal chronic partial www.frontiersin.org denervation in OSA. Upper airway sensory impairments to a range of stimuli also occur in OSA. However, it remains challenging to differentiate the relative contribution of afferent neural injury vs. the confounding influences of OSA (e.g., edema) to primary impairments in sensation.
Given that long-term vibration causes neurogenic changes in limb muscles (Takeuchi et al., 1986; Dahlin and Lundborg, 2001 ), snoring and its mechanical effects are likely to contribute to the observed upper airway anatomical, efferent, and afferent changes. However, intermittent hypoxia may also impair peripheral nerves in OSA. Thus, there is the potential for synergistic effects to mediate upper airway remodeling in OSA. Some of the changes in muscle properties and sensory impairments resolve, at least in part, with CPAP treatment (e.g., Carrera et al., 1999; Mayer et al., 1999; Tun et al., 2000; Kimoff et al., 2001; Nguyen et al., 2005; Dziewas et al., 2007) .
The evidence for a link between upper airway remodeling and the integrity of upper airway reflexes is limited. The swallow and gag reflexes are impaired in patients with OSA. However, the existing data does not support a link between the presence of swallowing impairment and OSA severity (Jäghagen et al., 2000) and the potential for an impaired gag reflex to influence OSA severity is uncertain. Other subtle alterations, such as changes in speech, may also occur in OSA. Importantly, there is no strong evidence to suggest that key protective reflexes involved in maintaining upper airway patency are impaired in OSA. In addition, the ability of the tongue to generate volitional protrusion force is similar or enhanced in OSA. However, despite the consistent observation of increased Type IIA fibers in the upper airway muscles of OSA patients, which would be predicted to increase resistance to muscle fatigue, the upper airway muscles may be more prone to fatigue. However, the laboratory task used to measure performance does not exactly mimic the repetitive movements associated with intermittent obstructions in OSA.
Given the current uncertainty as to the links between changes in sensorimotor function and the upper airway in OSA and sleep-disordered breathing, how novel therapeutic targets might modify these upper airway pathophysiological changes is unclear. Nonetheless, recent studies have demonstrated that novel exercise training techniques (e.g., didgeridoo playing and a battery of tasks designed by a speech pathologist) can reduce OSA severity (e.g., Puhan et al., 2006; Guimarães et al., 2009) . Recent studies using implantable devices to electrically stimulate the genioglossus muscle during sleep have shown reductions in OSA severity (e.g., Eastwood et al., 2011; Oliven, 2011) . However, consistent with the varying causes of OSA, treatment response varies between patients (Dotan et al., 2011; Eastwood et al., 2011) . The upper airway muscles are stronger and have an increased proportion of Type IIA muscle fibers in OSA. These findings suggest that the upper airway muscles are highly trained by chronic overnight loading and/or hypoxia. Nonetheless, targeted exercise tasks performed during wakefulness may further enhance these changes and potentially lead to improved neuromechanical performance during sleep. The use of some of the measurement techniques outlined in this review to study the effects before and after training would help address some of this uncertainty and may provide novel therapeutic targets.
